Keywords nanostructured coating; microfluidics; circulating tumor cells; circulating tumor clusters; single cell sequencing Circulating tumor cells (CTCs) are cells shed from the primary tumor and metastatic sites, and can be found at very low frequencies in the peripheral blood of cancer patients. [1] Enumeration of CTCs has been shown to correlate with disease progression in metastatic cancer patients, [2] and recent studies suggest that CTCs can serve as a less invasive biomarker for therapeutic assays. [3] However, the heterogeneity inherent in CTCs [4] suggests that molecular profiling at a single cell level may be necessary to capture the evolution of tumor genotypes during treatment and disease progression. [5] To successfully achieve in-depth interrogation of individual CTCs and identify tumor drivers or secondary mutations, [6] the isolated cells must be intact, viable and free of contaminating cells. On the other hand, bulk analysis of the same CTC population may be desirable for other clinical applications, such as the establishment of CTC cell lines through cell culture for in-vitro drug screening. CTC isolation technologies with such dynamic versatility could serve as a powerful clinical tool.
The growing demand for molecular profiling of CTCs has led to the development of microfluidic devices patterned with stimuli-responsive coatings that can release captured CTCs in response to a coating-specific degradation mechanism. Previously, our group has developed the herringbone CTC-Chip ( HB CTC-Chip), [7] a microfluidic device used to isolate CTCs from patient blood, [8] identify signaling pathways in CTCs through RNA sequencing, [9] study dynamic changes in epithelial and mesenchymal composition in CTCs [4] and most recently, to explore the role of CTC clusters in the metastatic process. [10] Removal of viable CTCs isolated on the HB CTC-Chip and other positive selection-based microfluidic devices has been extremely challenging due to the fragile nature of CTCs and the non-specific interactions that can occur between whole blood components (e.g., white blood cells, plasma proteins) and the microchannel substrate. Proteolytic enzymes such as trypsin have been combined with surfactants for the release of captured cells, [11] but when applied to other device architectures, this strategy has resulted in poor release (< 10%) with limited viability. [12] Ionically cross-linked sacrificial hydrogels have been used for microfluidic capture and release of endothelial progenitor cells without the need for enzymatic digestion, [13] with the principles of calcium chelation driving the substrate degradation. This approach is limited to the use of heparin blood tubes, preventing the use of common blood anti-cogulants (e.g., EDTA, citrates). Using a similar approach but applied to nanoprobes, Xie et al. reported 65% release efficiency using EDTA-assisted cell release, with 70% of the released cells being viable after five minutes of 50mM EDTA exposure. [14] Our group has previously presented a photo-cross-linkable alginate-based degradable biopolyer that is compatible with all anti-cogulants and degrades under exposure to alginate lyase. [15] However, the excessive thickness of the alginate coating prevented its precise integration with the complex three-dimensional microfluidic features present in the HB CTCChip.
DNA-based [16] and Aptamer-based [12a, 17] coatings that rely upon DNAse [16] and endonucleases to digest all forms of DNA and RNA have been used to capture and release cell lines. [12a, 17b] The use of DNAse has a detrimental impact on cell viability with Zhao et al. reporting that 66% of the cells were viable post-release. [16] Thermally responsive polymer brushes have been grafted onto silicon nanowire substrates for the capture of cancer cell lines from buffer and serum. [12b] While promising, this system may be challenging to implement clinically due to the limited volumes processed (< 1ml), and the requirement to run the samples at 37°C. [18] Laser microdissection systems (LMDs) allow for the release of individual CTCs from disassembled microfluidic devices, but LMDs can be cost-prohibitive and the released cells are non-viable. [18] [19] The exposure of individual cells to UV-light during the release process may cause cell DNA and RNA degradation. [20] We present a dual-mode gelatin-based nanostructured coating that can achieve temperatureresponsive release (for bulk-population recovery) or mechano-sensitive release (for single cell recovery) of CTCs from peripheral blood. Both release mechanisms are non-fouling and extremely sensitive for isolating these rare, delicate cells. The coating is formed by a layerby-layer (LbL) deposition of biotinylated gelatin and streptavidin, in which the complementary binding of biotin with streptavidin are the interactions that drive coating assembly. For bulk-population release of CTCs, raising the device temperature to physiologic temperature (37°C) deconstructs the nanocoating from the surface within minutes. For single cell release of CTCs, mechanical stress from a frequency-controlled microtip was used to dissolve localized regions of the nanocoating (mimicking thixotropic hydrogel behaviors). This dual-mode recovery strategy was successfully used to characterize CTCs in bulk or at the single cell level such that driver mutations in the PIK3CA and EGFR oncogenes were identified.
Gelatin-biotin molecules were directly deposited onto plasma-activated PDMS surfaces with alternating layers of streptavidin applied to increase and stabilize the nanocoating architecture (Figure 1a) . For gelatin molecules near the surface, intermolecular forces between the substrate and gelatin will dominate and inhibit the inherent temperature responsiveness of gelatin. As such, the first layer was physisorbed onto the surface of the device, likely due to hydrogen bonding as well as electrostatic and hydrophobic interactions. This initial layer then served as the foundation upon which the remaining layers were built. Gelatin substrate adsorption has been shown to be dependent upon solution concentration, [21] and we confirmed this with the nanocoating by varying the concentration of gelatin and measuring the resulting thickness of the physisorbed layer (ε). For a 0.1% (w/v) solution at 20°C, ε was 10.7 ± 6.3 nm; while for a 1 % (w/v) solution at 20°C, the thickness of the physisorbed layer increased to 18.2 ± 7.5 nm ( Figure S1 ). The efficiency of biotinylation of the gelatin coating was analyzed using a standard HABA assay (Supplementary Table 1 ).
Surface heterogeneity of any coating can result in poor reproducibility and performance. We evaluated the heterogeneity of the nanocoating across the device length using confocal and electron microscopy techniques. Micrographs of the microchannel surface (Figure 1b) revealed the uniformity achieved using the LbL process, even on complex 3-D microfluidic structures with high aspect ratio grooves. [7] The incremental deposition of each layer (gelatin-biotin and streptavidin) was verified with fluorescence microscopy ( Figure S1 ). Additionally, we used electron microscopy to visually inspect the deposited gelatin for surface impurities ( Figure S1 ). Streptavidin-FITC labeling of the nanocoating surface revealed a fluorescence signal intensity that was continuous and uniform along the microchannel length and at different planes of the device boundaries ( Figure S1 ). This qualitative information was combined with quantitative profilometry measurements to characterize the thickness of the nanocoating. After the deposition of four layers, the total substrate thickness was L D = 135.0 ± 11.2 nm (Figure 1c) . We tested the lifespan of the microfluidic devices by evaluating the binding capacity of streptavidin nanocoating using fluorescently tagged biotinylated molecule (Biotin-R-Phycoerythrin). Devices with the nanocoating were stored at 4°C for 5, 30 and 45 days ( Figure S2 ). The biotinylated molecule was added and the average fluorescence intensity was recorded across the surface of the device. Statistically similar intensities were observed for the time span evaluated (p = 0.54).
The resulting nanocoating has two distinct, biocompatible mechanisms of dissolution: (1) thermal and (2) shear-responsive dissolution. The first mechanism of substrate solubilization occurs when the surface temperature is increased from room temperature to physiologic temperatures (37°C), resulting in the bulk release of the entire nanocoating (Figure 1d- 
e).
To have this level of responsiveness within the nanocoating, gelatin molecules form entangled intermolecular alpha-helix structures with reversible hydrogen bonds between gelatin molecules and surrounding water. [21] We determined the minimum thickness L D at which the temperature responsiveness of the nanocoating was restored to be 135.0 ± 11.2 nm. At L D thickness, we found negligible detachment of the coating at temperatures below 30°C with a retention fraction of 0.96 ± 0.01 (Figure 1f) . Statistical analysis between the first five points revealed no significant difference (p = 0.69). However, an increase in temperature over 30°C produced the detachment of the external layers of the coating. Upon its release, the nanocoating was removed from the device using pressure-driven flow at flow rates of 2.0 to 3.5 ml/h. A residual fraction of 0.11 ± 0.05 nm of the coating remained on the surface of the device (Figure 1f) . Changes in the flow rate in the range of 2.0 to 3.5 ml/h did not produce significant variations in the amount of degradation of the nanocoating ( Figure  S3 ).
Utilizing the same nanocoating, localized regions of the material can be selectively dissolved to release single cells from the substrate at room temperature. This second mechanism of release relies on the mechano-responsive behavior of thixotropic hydrogels formed by particle aggregates that are bonded to each other through non-covalent interactions (e.g., hydrogen bonds, electrostatic interactions). Thixotropic hydrogels will undergo flow (i.e., shear-thinning) when inertial forces are applied. [22] We theorized that the gelatin nanocoating can be disrupted locally by applying a normal force through a frequency-controlled 80-μm microtip (Figure 1g-h) . The mechanism of release would likely be a combination of three effects: fluidic shear stresses generated by the oscillatory motion, the momentum of the cell, and the disruption of the nanocoating under such stresses. We explored the theoretical contribution of each effect using a finite element model (see Supporting Information).
Based on our theoretical model, an experimental prototype of the frequency-controlled microtip system was built ( Figure S4 ) and used to release localized areas of the nanocoating. The microtip produced a controlled vibration at the surface of the microfluidic device, producing a normal inertial force that could selectively remove a single cell. The surface area of the film removed (and thus the number of cells released) depended on the frequency of vibration, resulting in the ability to tune a release radius for individual CTC recovery. From these results, the optimal release radius was determined to be between 145 and 215 μm, corresponding to vibration frequencies between 15 and 30 Hz (Figure 1i) .
Initial experiments to evaluate the performance of our nanocoating revealed that our gelatinbased material alone was not as efficient in capturing CTCs in comparison to our traditional surface chemistry, as evidenced by a 70% decline in capture efficiency ( Figure S5) . To increase target cell capture, we incorporated streptavidin-coated polystyrene nanoparticles onto the top surface of the gelatin nanocoating which increased the local concentration of antibodies available for target cell binding ( Figure S6) . The mean size of our nanoparticles was determined to be 166 nm ± 56 nm at a concentration of 7.2×10 8 particles / ml. Using atomic force microscopy to evaluate the surface of our material, we calculated an average of 241 particles per 2.5 x 2.5 um 2 , with the nanoparticles covering 22% of the surface ( Figure  S7 ). In the past, nanostructure materials such as nanopillars, graphene sheets, and nanoparticles [23] have been previously shown to enhance sensitive cell or biomolecule recognition. [24] The addition of the nanoparticles onto our gelatin coating dramatically increased capture efficency for cancer cells with high EpCAM expression levels ( Figure  S5) , resulting in statistically similar capture rates in comparison to our control (p = 0.11).
To quantify the performance of our material, the inner surface of our microfluidic HB CTCChip [7] was functionalized with our gelatin nanocoating and exposed to whole blood spiked with cancer cell lines. The optimal nanoparticle concentration for the capture of prostate cancer cells (PC3) from whole blood was determined to be 0.11 mg/ml, producing a capture efficiency of 95.9 % ± 1.5 %. Higher concentrations of nanoparticles did not improve efficiency (Figure 2a) . The specificity of antibody capture was demonstrated by fitting the x-y coordinates of the captured cells to an exponential equation (Figure 2b) . A decay pattern in captured cells was observed along the length of the devices, indicative of specific cell capture ( Figure S8) . For high-EpCAM-expression cancer cell lines [5b] (e.g., PC3, H1650, SKBR3), the nanocoating achieved capture efficiencies between 75.0 % ± 6.5 % to 95.7 % ± 4.0 % (Figure 2c) , which were comparable to other cell capture technologies. [7, 15, 25] Of particular interest, the nanocoating achieved a five-fold increase in capture efficiency for a low-EpCAM-expression cancer cell line, MDA-MD-231, [8] relative to our previous surface chemistry (p < 0.001, n = 4). Moreover, when a cocktail of cell capture antibodies was used to facilitate capture of a heterogeneous population of CTCs [6] (i.e., anti-EpCAM, anti-EGFR, anti-HER2), the capture of MDA-MD-231 cells increased to 94.0 % ± 2.3 % (Supplementary Table 2 ). The functionalized nanocoating also demonstrated a higher specificity of capture, isolating fewer contaminating white blood cells (WBCs) in comparison to devices functionalized with our standard surface chemistry (Figure 2d) .
We measured the release and subsequent recovery of viable cells using both release mechanisms. For the thermally driven, bulk-population release mode (Supplementary Movie 1 and Movie 2), the nanocoating allowed an average cell recovery and viability of 93.2 % and 88.3 %, respectively (Supplementary Table 2 ). A novel feature of the nanocoating is the ability to collect cells in selective release mode (Supplementary Movie 3 and Movie 4). Individual target cells were dislodged from the material within a tuned release radius between 145 and 215 μm (Figure 2f) . Captured cells were released at three different time points: 15, 30, and 45 min, and the mean viability was 91.5 % with no significant differences between time points (p > 0.05). This constitutes a major improvement compared to enzymatic release strategies, which show a detrimental effect towards cell viability over time ( Figure S9) . Recovered cells were either stained for CTC markers (Figure 2g ) or placed into cell culture, adhering shortly after selective release (Figure 2h) and ultimately, forming confluent colonies after seven days of cell culture (Figure 2e-i) .
Our antibody cocktail was used with the nanocoating to facilitate the capture of CTCs from the blood of cancer patients. [4] An average of 3.5 ml of blood was processed from 16 metastatic cancer patients at different stages of treatment (n = 8 for breast cancer, and n = 8 for lung cancer). Blood from healthy individuals were also processed as controls (n = 6). CTCs were identified using immunofluorescence staining, and were isolated in 14 of 16 cancer patients (87.5 %, 7 out of 8 each for breast and lung cancer). Cells were identified as CTCs when stained positive for DNA (DAPI), positive for tumor markers (wide spectrum cytokeratin, MET, SOX2, and EGFR) and negative for leukocyte markers (CD45). Samples were defined as being positive for CTCs when more than 2 CTCs/ 3.5 ml were detected, with this threshold defined by the number of events detected in healthy donor controls (median = 0.5 CTCs/3.5 ml, mean = 1 ± 0.44 CTCs/3.5 ml, n = 6). CTC counts were obtained (Figure 3a) for breast cancer patients (0 to 159 CTCs/3.5 ml, median Breast = 13 CTCs/3.5 ml, mean Breast = 29 ± 18.7 CTCs/3.5 ml), and lung cancer patients (0 to 18 CTCs/3.5 ml, median Lung = 13 CTCs/3.5 ml, mean Lung = 12.5 ± 2.6 CTCs/3.5 ml). Using image processing techniques, the size distribution of CTCs (mean diameter of 11.4 ± 1.2 μm (breast) and 13.5 ± 1.3 μm (lung)), and contaminating WBCs (mean diameter of 10.1 ± 2.3 μm) were quantified (Figure 3b) .
Clusters of CTCs have been isolated from the blood of metastatic cancer patients, and are of clinical interest. [7, 10, 26] When using the nanocoating, clusters of CTCs were found at a frequency of 37.5% (breast) and 25% (lung) in the patient samples analyzed for this study. The frequency of CTC cluster isolation from this small cohort of patients is higher than what we previously observed with our traditional microfluidic chemistry. [7] We defined a cluster of CTCs as an aggregate of cells that contained four or more tumor cells. Using this definition, a number-based distribution was calculated for the frequency of single, double, triple or cluster of CTCs for different patients. We found that single CTCs are more common than clusters of CTCs within breast and lung cancer patients (Figure 3c) . Clusters of lung CTCs (Figure 3d, left) showed less defined intercellular boundaries when compared to clusters of breast CTCs (Figure 3d, right) . We also observed the presence of WBCs attached to single or clusters of CTCs (Figure 3e) .
Comparisons of the membrane morphology of different CTCs captured on the surface of the nanocoating revealed their heterogeneity (Figure 3f) , with some CTCs having extracellular vesicles attached to their surface. Although the presence of such extracellular vesicles may suggest signs of apoptotic CTCs; it is also possible that the vesicles serve as delivery vehicles of tumorigenic cargo (e.g., mRNA) to different regions of the body. [27] Additionally, cell-independent micrometer-size vesicles and vesicle clusters were also found on the nanocoating surface (Figure S10) , suggesting that the coating may also serve to isolate smaller cancer-derived vesicles.
For genotyping analysis, we selected three breast and two lung cancer patients with metastatic disease that were previously characterized to contain hotspot mutations in the PIK3CA and EGFR oncogenes, respectively. At the time of diagnosis, fine needle aspirates (FNAs) from the primary tumor site were used to biopsy the tissues (Figure 4a) , and the mutational profile of each sample was obtained using SNaPshot genotyping at a MGH genomics facility. Specifically, three breast cancer patients resulted positive for the 3140A/G (H1047R) heterozygous mutation in the PIK3CA oncogene. For lung cancer patients, tumors were positive for the exon 19 deletion and the 2573T/G (L858R) point mutation in the EGFR oncogene. For this cohort of patients, CTCs were isolated with the nanocoating, and individual CTCs (identified with a vital fluorescent stain) were recovered using the frequency-controlled microtip. For each single CTC isolated, its release was observed under the microscope (Figure 4b , Supplementary Movie 5 and Figure S11) , and the recovered cells were placed into a tube containing lysis buffer. Targeted PCR was performed on genomic DNA extracted from the CTC to amplify bands associated with specific mutations prior to sequencing with a fluorescently-labeled dideoxy-nucleotide chain termination method (Figure 4c) . For all single CTCs isolated from the breast cancer patient samples, we identified the 3140A/G (H1047R) mutation in the PIK3CA gene (Figure 4d) . For the lung patient samples, we identified the presence of the exon 19 deletion, and the 2573T/G (L858R) mutations in the EGFR gene in each patient, but not in every CTC isolated from the individual draw (2 cells did not successfully sequence out of 5).
In summary, we have developed a nanocoating that was synergistically incorporated into microfluidic devices using a LbL process. The unique dual-mode release mechanism of the nanocoating enables efficient release of viable CTCs (in bulk or individually) from peripheral blood and opens the possibility for different biomedical applications. The uniform, conformal nature of the nanocoating facilitates its use on complex threedimensional structures, and the room-temperature operating conditions and standard refrigeration temperature storage (4°C) make the nanocoating conducive to large-scale production and clinical operation. Our system was used to perform population counts and size-based analysis of CTCs as well as molecular assays for which different levels of purity and cellular integrity are required. The results demonstrate genotyping of single CTCs for the detection of somatic mutations (e.g., PIK3CA, EGFR) from a blood sample and can be applied to other cancer types. This technique could be broadly used to efficiently and safely recover other rare cells, exosomes, proteins, and DNA from biological specimens. 
